We report our experimental studies of interplays between four-wave mixing ͑FWM͒ processes in multidressed two-and three-level atomic systems. The Autler-Townes splitting of the FWM signal within the electromagnetically induced transparency window has been experimentally observed. Under the same experimental conditions in different energy-level systems, the dressing effects strongly depend on the dipole moments of the transitions, which can provide an easy and qualitative way to determine the orders of magnitude of the effective dipole moments for different transitions by comparing the FWM suppressing effects. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3039066͔
Under the electromagnetically induced transparency ͑EIT͒ condition, 1,2 the generated four-wave mixing ͑FWM͒ signals can be allowed to transmit through the resonant atomic medium with little absorption. Enhanced FWM processes due to atomic coherence have been experimentally demonstrated in several multilevel atomic systems. [3] [4] [5] Interesting effects, such as entangled images in the probe and signal beams in the FWM process, 6 phase-controlled light switching at low light level, 7 quantum destructive interference in inelastic two-wave mixing, 8 and generation of correlated photon pairs, 9, 10 have been experimentally investigated in various coherently prepared multilevel atomic systems. Recently, destructive and constructive interferences in a twolevel atomic system 9 and competition via atomic coherence in a four-level atomic system 11 with two coexisting FWM processes were studied. Also, the Autler-Townes ͑AT͒ splitting in triple resonance spectroscopy was reported previously by fluorescence detection. 12 Due to the parametric nature of the FWM process, the generated signal is a coherent radiation.
The two relevant experimental systems are shown in Figs. 1͑a͒ and 1͑b͒. Three energy levels from Na atoms ͑in heat pipe oven͒ are involved in the experimental schemes. The pulse laser beams are aligned spatially, as shown in Fig.  1͑e͒ . In Fig. 1͑a͒ , energy levels ͉0͘ ͑3s 1/2 ͒ and ͉1͘ ͑3p 1/2 ͒ form the two-level atomic system. Coupling laser beams k 1 and k 1 Ј ͑connecting the transition between ͉0͘ to ͉1͒͘ propagate in the opposite direction of the weak probe field k 3 ͑also connecting the transition between ͉0͘ to ͉1͒͘. The three laser beams come from the same dye laser ͑10 Hz rate, 5 ns pulse width, and 0.04 cm −1 linewidth͒ with the same frequency detuning ⌬ 1 . The frequency components k 1 and k 1 Ј ͑ 1 ͒ in beam 1 and beam 2 induce a population grating between states ͉0͘ to ͉1͘, which is probed by beam 3 with the same frequency 1 . This is a degenerated-FWM ͑DFWM͒ process ͓Fig. 1͑a͔͒ satisfying the phase-matching condition of k s1
The signal is detected by a photomultiplier tube and a fast gated integrator ͑gate width of 50 ns͒. Next, we apply two additional coupling fields k 2 and k 2 Ј ͓one of each added onto beam 1 and beam 2, respectively, as shown in Fig. 1͑e͔͒ with the same frequency detuning ⌬ 2 , which are from another similar dye laser with frequency set at 1 to dress the energy levels ͉0͘ and ͉1͘. We define such energylevel dressing as "inner dressing." In the presence of the k 2 and k 2 Ј frequency components, another three FWM signals are generated with the same frequency to have
Therefore, the total signal has contributions from four FWM processes when the five laser beams are all turned on, but k s1 and k s2 are the dominant ones ͑the signals k s3 and k s4 are less than 0.5% of the individual signal k s1 or k s2 , respectively͒, as shown in the inset of Fig. 1͑e͒ ͑detected by charge coupled device camera͒.
When the coupling field frequencies of k 2 and k 2 Ј are tuned to the ͉0͘ -͉2͘ transition ͑at 2 ͒, which only dress the energy level ͉0͘ for the probe transition of ͉0͘ -͉1͘ ͑and therefore named "outer dressing"͒, it forms a V-type three-level system ͓Fig. 1͑b͔͒. When k 1 , k 1 Ј, k 2 , k 2 Ј, and k 3 are all turned on simultaneously, a non-DFWM ͑NDFWM͒ process k s2 Ј = k 3 + k 2 − k 2 Ј is generated together with the DFWM k s1 .
These generated FWM signals have the same frequency s ͑= 1 ͒ and propagate in the same direction. The propagation equation of the FWM signals in the oven with Doppler effect is
where
2 / u ͱ ͒dv is the total intensity of the generated FWM signals.
͑3͒ is the densitymatrix element of the total FWM signal including pure FWM 10 ͑3͒ and multidressed FWM signals.
of the FWM signals in the medium. ␣ is the absorption coefficient.
N F is the effective atom number and C is a constant. is the dipole moment. v is the velocity of the atom due to Doppler effect and u is the most probable velocity. In the presence of I A , the theory can well explain the interaction and propagation behaviors of the FWM signals.
In the V-type three-level system, the coupling fields k 1
and k 1 Ј ͑diameter 0. field k 3 ͑diameter 0.8 mm and power 5 W͒ are scanned from 589.3 to 589.9 nm ͉͑0͘ to ͉1͘ transition͒ to generate the DFWM signal k s1 . The coupling fields k 2 and k 2 Ј ͑diameter 1.1 mm and power 90 W͒ are tuned to the line center ͑589.0 nm͒ of the ͉0͘ to ͉2͘ transition, which generate the NDFWM signal k s2 Ј at frequency 1 .
As can be seen from Fig. 2͑a͒ , the DFWM signal k s1 ͑using one photon each from fields k 3 , k 1 , and k 1 Ј͒ is suppressed dramatically by the stronger coupling field k 2 or k 2 Ј ͓the pentacle and pentagon points in Fig. 2͑a͔͒ . Figure 2͑b͒ shows the single-dressing effect of the NDFWM signal k s2 Ј by field k 1 or k 1 Ј, which is too weak ͑with Rabi frequencies
triangle and hexagon points in Fig. 2͑b͔͒ . When five laser beams are all on, the individual DFWM signal k s1 ͓the top curve in Fig. 2͑c͔͒ and the NDFWM signal k s2 Ј ͓the middle curve in Fig. 2͑c͔͒ are both significantly suppressed ͓the lower curve in Fig. 2͑c͔͒ . By selectively blocking various laser beams, we have determined that the suppressed signal intensity resulted from interference due to dressed states, not caused by energy transfer to other wave mixing processes. One way to explain these effects is by using the dressedstate picture. Both of these mutual dressing processes exist at the same time in the experiment and the two generated FWM signals copropagate in the same direction, so the total detected FWM signal is proportional to the mod square of ͑3͒ , where indicate that several interesting physical processes exist in this composite system to show the interplay between these two FWM processes. When the two generated FWM signals overlap in frequency, constructive or destructive interference can result due to the sign change either in s1 ͑3͒ or s2 ͑3͒ under certain frequency detuning conditions. However, in the current system the competition between the two coexisting FWM channels is dominated by the contributions from the mutual dressing effect, which can be an order of magnitude lager than the interference effect. After calculating ͑3͒ under our experimental conditions and substituting it into Eq. ͑1͒, excellent agreements are obtained between the theoretical calculations and the experimental data ͓Fig. 2͑c͔͒.
By inserting a tunable attenuation plate in the path of the coupling beam k 2 Ј, we measured the intensities of the generated DFWM signal in k s1 under different powers of the dress field k 2 Ј ͑k 2 blocked͒, as shown in Fig. 3͑a͒ . It is clear that the DFWM ͑k s1 ͒ intensity is further suppressed as the power of the dress field ͑k 2 Ј͒ increases. At high dress field ͑k 2 Ј͒ power, the DFWM signal k s1 splits within the EIT window with ⌬ 2 = 1.44 cm −1 , which is the AT splitting of about 0.9 cm −1 , as shown in Fig. 3͑b͒ ͑circle points͒. The FWM signal intensity is suppressed when the frequency of the coupling field is scanned across the resonance ͓see the solid lines in Figs. 2͑a͒ and 2͑b͔͒. Moreover, at the larger power of field k 2 or k 2 Ј ͑⌬ 2 0͒, the AT splitting of the DFWM ͑k s1 ͒ signal that can be used for measuring the dipole moment 12 is observed dur- ing scanning of the detuning ⌬ 1 ͓the solid line in Fig. 3͑b͔͒ . Next, let us consider the correlation between the atomic coherence and the conversion efficiency of the NDFWM process k s2 Ј with both k 1 and k 1 Ј blocked. Figure 3͑c͒ ͑3͒ ͒ correlate to the two-photon atomic coherence.
As one can see in Fig. 3͑c͒ , there exists a maximum for the calculated atomic coherence ͑solid curve͒, which corresponds well to the maximum of the conversion efficiency for the NDFWM signal ͑dot points͒. Such comparison indicates that the atomic coherences play a significant role in the enhancements of the FWM processes. Now, we concentrate on the relation between the innerdressing and outer-dressing cases for the DFWM signal k s1 .
First, the dress field k 2 Ј ͑90 W with k 2 blocked͒ is tuned to ͉0͘ -͉1͘ transition ͑inner-dressing case͒. The singly dressed DFWM k s1 is obtained ͓the data points in Fig. 4͑a͔͒ . Then, the dress field k 2 Ј is tuned to ͉0͘ -͉2͘ transition ͑outer-dressing case͒ with the same experimental conditions and the experiment is repeated ͓the data points in Fig. 4͑b͔͒ . We find that the suppression in the inner-dressing case is smaller than in the outer-dressing case.
We can analyze this in the dressed-state picture. The perturbed DFWM process can be described by 00
͑3͒ ͑i.e., the ground level ͉0͘ is split into ͉ + ͘ and ͉−͒͘. The energy-level splitting of the inner-dressing case is smaller than that of the outer-dressing case ͓see Figs. 1͑c͒  and 1͑d͔͒ . From Eq. ͑1͒, the suppression or enhancement of the DFWM signal is induced by the factor ͉G 2 Ј͉ 2 in the denominator. In the experimental system, only the effective dipole moment can affect the magnitude of the Rabi frequency, which causes the difference in dressing strength. There are twelve degenerate transitions with different Clebseh-Gordan coefficients in ͉0͘ -͉1͘ due to Zeeman levels and eighteen in ͉0͘ − ͉2͘. Since we cannot distinguish these in our experiment, we can only determine the effective ͑or macroscopic͒ dipole moments for these transitions.
In order to verify this idea, the coupling fields k 1 , k 1 Ј, and the probe field k 3 ͑for generating the DFWM signal k s1 ͒ are tuned from ͉0͘ -͉1͘ to ͉0͘ -͉2͘ transition. So, the roles of the inner dressing and the outer dressing are exchanged. We repeated the experiment and obtained the results as shown in Figs. 4͑c͒ and 4͑d͒ . In this case, the suppression effect for the inner-dressing case should be larger than for the outerdressing case. Comparing the results in Figs. 4͑c͒ and 4͑d͒ , the observations agree well with the theoretical prediction.
In order to obtain agreements with the experimental spectra in Figs. 4͑c͒ and 4͑d͒ , the Rabi frequency of the dress field ͑G 2 Ј͒ is adjusted until the peak-to-peak value matches the experimental data. From such fitting to the experimental data, the relative values can be determined experimentally from the fitted Rabi frequencies. From the above experiment, the dipole moments are determined to be 10 = 2.11͑24͒ ϫ 10 −29 Cm ͑for the ͉0͘ -͉1͘ transition͒ and 20 = 2.99͑24͒ ϫ 10 −29 Cm ͑for the ͉0͘ -͉2͘ transition͒, which agree well with their real values. 13 As such, this method can be used to measure the unknown effective dipole moments of atoms and molecules. Compared to the method used in Ref. 12 , the FWM process is a coherence phenomenon, and the generated signal is a coherent radiation and therefore can be detected easily. More importantly, under the same experimental conditions in different energy-level systems, the dressing effects strongly depend on the dipole moments of the transitions, which provide an easy and qualitative way to determine the effective dipole moments of different transitions. 
